ABSTRACT: The effect of methane released from decomposing surficial gas hydrates (SGH) on standing stocks and activities of the small-sized benthic biota (SSBB; i.e. bacteria, fungi, protozoa, and meiobenthic organisms) was studied at about 790 m water depth, at the Hydrate Ridge, Cascadia subduction zone. Presence of SGH and elevated sulfide concentrations in the sediment were indicated by extensive bacterial mats of Beggiatoa sp. and clam fields of the bivalve mollusc Calyptogena sp. Vertical and horizontal distribution patterns of the SSBB biomass were derived from DNA and total adenylate (TA) sediment assays. Potential bacterial exoenzymatic hydrolytic activity was measured using fluorescein-di-acetate (FDA) as substrate. Estimates of chemoautotrophic production of particulate organic carbon (POC . ) were determined by 14 CO 2 uptake incubations. Inventories of chl a and pheopigments were determined as parameters of surface water primary produced POC input. Average SSBB biomass in clam field sediments integrated over the upper 10 cm (765.2 g C m -2 , SD 190.1) was 3.6 times higher than in the adjacent control sites (213 g C m -2 , SD 125). Average SSBB biomass in bacterial mat sediments, which were almost devoid of eukaryotic organisms > 31 µm, was 209 g C m -2 (SD 65). Significant correlations between FDA, DNA and plant pigments imply that productivity of the SSBB at SGH sites is only partially uncoupled from the primary production of the surface water. Areal estimates of autotrophic C org production at control sites, bacterial mat sites and in clam field sites were 5.7, 59.7 and 190.0 mg C m -2 d -1 , respectively. Based on different models predicting vertical POC fluxes from surface water primary production and water depth, these autotrophic POC productions account for 5 to 17% (controls), 35 to 68% (bacterial mats), and 63 to 87% (clam fields) of the bulk POC (sum of allochthonous POC input through the water column and sedimentary autochthonous autotrophic POC production) provided at the various sites. At SGH sites inventories of chl a and pheopigments, integrated over the upper 10 cm of the sediment, were half of that found at the control sites. This might be due to enhanced degradation of phytodetritally associated organic matter. The resulting low molecular weight organic carbon compounds might stimulate and fuel sulfate reduction, which is conducted in a microbial consortium with anaerobic methane consuming archaea. This syntrophic consortium might represent a prominent interface between gas hydrate derived carbon and allochthonous C org flow. We infer that degradation kinetics of SGH is affected by, e.g., seasonally varying input of allochthonous organic matter.
INTRODUCTION
Marine gas hydrate deposits are well known from accreted sediments at plate collision zones such as the Cascadia margin, as well as from sedimentary regions at passive margins and marginal basins (Kvenvolden 1993) . Gas hydrates are solid ice-like structures where low molecular weight compounds, predominantly methane but also ethane, propane and traces of hydrogen sulfide and CO 2 , are embedded into a lattice of water molecules (Sloan 1990 , Kvenvolden 1988a . The global amount of carbon bound in gas hydrates is estimated at 2 × 10 3 to 4 × 10 6 gigatons, constituting the earth's largest reservoir of fossil hydrocarbons (Kvenvolden 1988b) .
Typically, gas hydrate deposits are present several meters below the sea-floor. The surficial gas hydrate (SGH) deposits at the southern Hydrate Ridge are believed to be formed secondarily. Tectonic uplift and thrusting by convergence between the Juan de Fuca plate and the North American plate cause thrust faults, extensional fractures, and breached folds to develop along the accretionary ridges (Carson & Westbrook 1995 , Kulm et al. 1986 , McKay et al. 1992 . The faults extend through the accreted sediments to below the gas hydrate phase transition, and serve as conduits along which water and methane from deep hydrate destabilisation is channeled up to the sea-floor, where secondary H 2 S-CH 4 gas hydrates in equilibrium with their surrounding geochemical environment are formed (Kastner et al. 1998 , Suess et al. 1999 , Tryon et al. 1999 .
The SGH at the southern crest of the Hydrate Ridge are presently stable and gas seepage might only be driven by dissociation of the SGH and diffusional transport of the released methane to the sediment surface (Bohrmann et al. 1998) . The release of methane from the decomposing SGH affects the benthic carbon flow to an unknown extent. In SGH sediments, the energy bound in methane is transferred to the higher biota predominantly through bacterial aerobic and anaerobic methane oxidation, presumably via reverse methanogenesis, coupled to the reduction of sulfate (Masuzawa et al. 1992 , Hoehler et al. 1994 . Only recently, Boetius et al. (2000) provided microscopical evidence of a consortium of methanogenic archaea and sulfate reducing bacteria, which were associated with extremely high sulfate reduction rates in SGH sediments of the southern Hydrate Ridge. This syntrophic consortium releases sulfide into the porewater, which serves as an electron donor for chemosynthetic sulfide oxidising bacteria producing extra C org (autochthonous C org carbon source) in addition to C org settled from the euphotic zone (allochthonous C org source). Aerobic methane oxidation using oxygen as a terminal electron acceptor at the sediment surface significantly contributes to the sedimentary carbon turnover at cold seep environments or organically enriched sediments (Dando et al. 1991 , Jensen et al. 1992 , Schmaljohann 1996 , but aerobic methane oxidation in bacterial mat sediments associated with SGH is of minor importance (Boetius et al. 2000) . Its significance in clam field sediments is not known.
In SGH sediments at the southern Hydrate Ridge a specific set of environmental conditions prevails. Autochthonously produced C org entering the benthic food web, high sulfide concentrations toxic to aerobic eukaryotes, and low oxygen levels lead to the development of adapted benthic communities, consisting of dense populations of the symbiont bearing vesicomyid clams Calyptogena pacifica and C. kilmeri, solemyid bivalve molluscs of the genus Acharax, and mats of the filamentous sulfide oxidising bacteria Beggiatoa sp. (Suess et al. 1985 , 1999 , Kulm et al. 1986 , Kastner et al. 1995 , Olu et al. 1997 , Bohrmann et al. 1998 , Boetius et al. 2000 , Sahling et al. 2002 . Recently, high abundances of a new polychaete species, Hesiocaeca methanicola, have been found in the exposed surface of SGH at a depth of 550 m in the northern Gulf of Mexico (MacDonald & Joye 1997 , Desbruyères & Toulmond 1998 . Similar benthic communities, including bivalve molluscs, vestimentiferan tubeworms, pogonophorans, gastropods and sponges have been reported from other vent and seep sites not associated with gas hydrates (cf. Olu et al. 1997 , Levin et al. 2000 .
No information exists on the biomass and activity patterns of the small-sized benthic biota (SSBB) which comprise bacteria, fungi, protozoa and meiofaunal organisms in SGH sediments. This functional group has been studied primarily in deep-sea and continental margin sediments, where the vertical flux of C org from primary production at the water surface and lateral C org inputs are the predominant food sources for benthic consumers. In these habitats the SSBB responds fast to deposition events of organic matter and to be a major driving force of benthic carbon and nutrient flow. Olu et al. (1997) found that abundances of non symbiotic detritivorous nematodes at mud volcanoes associated with gas hydrates were 1 to 2 orders of magnitude higher than those recorded from other deep-sea environments at similar water depths. Similarly, enhancement of meiofaunal production stimulated by bacterial chemosynthesis has also been found in cold seep habitats not associated with surficial gas hydrates, both in shallow water environments and in the deep sea (Jensen 1986 , Shirayama & Ohta 1990 , 1996 , Dando et al. 1991 , Jensen et al. 1992 , Dando et al. 1994 , Zimmermann 1999 . At methane seep sites in the Black Sea Luth et al. (1999) detected no elevated biomasses of the SSBB.
The SSBB in sulfidic SGH sediments comprise heterotrophic and autotrophic organisms. Aim of the study is to evaluate the relative contributions of allochthonous and autochthonous POC to the bulk amount of POC available for the benthic food web, and to evaluate the significance of allochthonous organic matter input into a habitat based on chemosynthesis.
MATERIALS AND METHODS
Study area and sediment sampling. Samples were collected at 9 stations on the crest of the southern Hydrate Ridge, Cascadia subduction zone, off Oregon, where extensive vent communities, methane hydrate exposures, and authigenic carbonates have been discovered (Fig. 1 Table 1 ). SGH sites can be separated into 3 habitats characterised by dominant organisms along a gradient of sulfide diffusion (Sahling et al. 2002) .
A multiple corer (MUC) based on the design of Barnett et al. (1984) was used to collect almost undisturbed samples of surface sediments. The MUC was equipped with an online video TV system to allow controlled sampling of the sea floor. The MUC retrieved up to 8 sediment cores of 10 cm diameter and 35 cm maximum length. Upon recovery, the cores were immediately transferred to a 4°C room for further processing.
The MUC cores were subsampled with cut-off syringes of 1.1 cm diameter for the determination of plant pigments and 14 CO 2 uptake incubations, and of 2.1 cm diameter for all other parameters. Subsamples were sectioned horizontally in 1 cm intervals down to a depth of 10 cm, and in 3 cm intervals down to a depth of 28 cm where possible. From each core, at least 3 subsamples (cut-off syringes) were taken for all parameters (except for 14 CO 2 uptake incubations: 2 replicates from each core), unless otherwise indicated.
Biochemical analyses. DNA measurements were used as an estimate of SSBB biomass. DNA concentrations were determined fluorometrically with DAPI based on the method given by Kapuscinski & Skoczylast (1977) , modified for natural sediments by Teucher (1986) . This method is specific for double-stranded DNA reflecting the presence of living cells. As a further proxy of the biomass of the SSBB, total adenylates (TA), which represent the sum of the concentrations of ATP, ADP, and AMP, were analysed. TA mainly reflect the amount of plasma within the cells and are therefore closely related to biovolume (Karl 1993) . Concentrations of TA were measured using 'firefly' following the method by Pfannkuche et al. (1999) .
Potential activity of hydrolytic enzymes was measured fluorimetrically with fluorescein-di-acetate (FDA) as substrate with a modified method after Meyer-Reil & Köster (1992) as specified by Pfannkuche et al. (1999) .
Chl a and pheopigment concentrations were measured as parameters indicating the input of phytoplankton C org . Their concentrations were determined using a Turner fluorometer according to Yentsch & Menzel (1963) and Holm-Hansen et al. (1965) , as described by Pfannkuche et al. (1999) .
To resolve the non-photosynthetic endogenous production of POC in the sediment, chemoheterotrophic and chemoautotrophic 14 CO 2 uptake into sediment particulate organic matter was analysed according to the method given by Hollinde (1995) and modified by Schmaljohann et al. (2001) .
14 CO 2 uptake was measured after 3 injections of 9 µl H 14 CO 3 -into each subsample (cut-off syringes: 5 cm long, 1.1 cm in diameter), corresponding to an activity of 475 200 dpm per 1 cm depth interval. These cores were incubated in the dark at in situ temperatures of about 4°C for 24 h. Subsequently the sediment was sectioned horizontally in 1 cm depth intervals. To halt bacterial activity after incubation, each 1 cm layer of the sediment was suspended in a centrifuge tube containing 5 ml 0.3 N HCl. Excess H 14 CO 3 -not used for CO 2 fixation escaped as 14 CO 2 into the atmosphere. After leaving the centrifuge tubes open for 15 min, they were centrifuged and the liquid phase was decanted. The acidification procedure was repeated twice. Subsequently, the sediment pellet was dried at 60°C for 48 h, ground with a mortar and pestle and weighed (200 to 400 mg) into Packard Combusto Cones, which were pressed to pel- lets. These were combusted in a Biological Oxidiser, OX 500 (Zinser Analytic), and the escaping 14 CO 2 was sampled in scintillation vials containing a mixture of Packard Carbo Sorb E and Packard Permaflour V at a ratio of 3/7 (vol./vol.). Sampling efficiency of the oxidiser was calibrated using a Packard Spec Check 14 C (activity: 9.24 × 10 5 ± 3% dpm ml -1
). 14 C activity was determined by scintillation counting (Packard scintillation counter, Tri Carb 2100TR). Data of dissolved inorganic carbon concentrations (DIC) for the calculation of 14 CO 2 uptake into the sediment particulate organic carbon (POC) were provided by D. Rickert (unpubl.).
Statistical analyses. Pearson correlation analyses were employed for the correlation between the biogeochemical parameters chl a, pheopigments, FDA, 14 CO 2 uptake, DNA and TA. Analyses of covariance were used to test differences between biogeochemical parameters using the same covariate. All tests were conducted with the Statistica software package Version 3.0a.
RESULTS

Sediment pigment concentrations
Sediment chl a and pheopigment inventories integrated over the upper 10 cm of the sediment, representing the active zone, are shown in Fig. 2a ,b. At SGH sites the average overall sediment concentrations of chl a and pheopigments were about 0.5 times lower than at the control sites. In clam field sediments pigment concentrations were slightly higher than in bacterial mat sediments.
Typical vertical concentration profiles of chl a and pheopigments for the more distant reference station in the Eastern Basin at the flank of the Hydrate Ridge (Site 151-2), a control site (Site 190-1) adjacent to the SGH sites, bacterial mats (Sites 187-1 and 187-4) and clam field sediments (Site 179-3) are shown in Fig. 3 . In bacterial mat sediments, the vertical distributions of chl a and pheopigments show distinct surface peaks followed by an exponential decrease. This indicates that there is almost no bioturbation, and degradation of chl a is faster than its influx. In clam field sediments chl a is distributed deeper into the sediment, and below a depth of about 5 cm chl a concentration decreases steadily. The respective pheopigment concentration declines gradually with depth. The chl a profile at the control site displays a distinct subsurface maximum at a depth of 2 cm, below which chl a concentrations decrease gradually. This subsurface maximum is not present in the distribution of pheopigment concentrations which decrease continuously with depth. In the Eastern Basin, vertical chl a and pheopigment distributions showed a surface minimum, with increasing depth pigment concentrations remained relatively constant.
Bacterial exoenzymatic activity (FDA turnover)
The turnover of fluorescein-di-acetate (FDA) indicates the potential activity of extracellular hydrolytic enzymes, representing a first step in the bacterial degradation of organic matter. Highest FDA turnover rates, integrated over the upper 10 cm of the sediment, ). Typical vertical distributions of exoenzymatic hydrolytic activity at the different sites are shown in Fig. 4 . In sediments covered by bacterial mats, the highest activity was found in the uppermost 3 to 5 cm, and below this depth FDA turnover decreased rapidly. In clam field sediments, elevated FDA turnover rates were also measured in deeper sediment horizons. At the control site, FDA turnover rates showed a distinct subsurface peak. In the Eastern Basin, FDA turnover was lowest at the sediment surface, increased slightly with depth and remained constant below a depth of about 4 cm. Generally, depth distributions of FDA coincided with the distributions of chl a, which was particularly evident at the control sites (subsurface maxima) and more distant reference sites.
14 CO 2 uptake into the particulate organic matter of the sediment 14 CO 2 uptake rates integrated over the upper 10 cm of the sediment in bacterial mat sediments were 10.5 times higher than at the control sites (Fig. 2d) . The average 14 CO 2 uptake rate in clam field sediments was 3.2 times higher than that determined at the bacterial mat sites and 33.3 times that of the control sites with a maximum 14 CO 2 uptake rate of 324 mg C m -2 d -1
. The 14 CO 2 uptake rates at the Western and Eastern Basins were 2.5-fold higher than those measured at the control sites. Fig. 5 shows typical vertical distributions of the 14 CO 2 uptake rates at the different sites. At the control site there is a distinct surface maximum of the specific 14 CO 2 uptake rates with a second subsurface maximum at depth of 3 cm. In bacterial mat sediments, specific 14 CO 2 uptake rates were highest at the surface of the sediment associated with very steep depth gradients, whereas in clam field sediments 14 CO 2 uptake rates were low in the uppermost centimetres of the sedi- ment, but strongly increased with depth. The Eastern Basin sediments showed surface-and subsurface maxima of 14 CO 2 uptake rates at a depth of about 5 cm.
DNA
DNA inventories integrated over the upper 10 cm of the sediment were 3.5 and 3.9 times higher in clam field and bacterial mat sediments, respectively, than those found at the control sites (Fig. 2e) . The average DNA inventory at bacterial mats (4.2 g m -2
, range: 3.2 to 5.1) is similar to that found in clam field sediments (3.8 g m -2
, range: 3.1 to 4.9). DNA stocks at the Western Basin are similar to those of the control sites. At the Eastern Basin, DNA stocks are twice as high as at the control sites and the Western Basin.
The highest DNA concentrations, representing 28.1 to 34.6% of the total DNA inventory, were found at bacterial mat sites in the top 2 cm of the sediment (Fig. 6 ). These high DNA concentrations coincided with the occurrence of Beggiatoa spp., and decreased rapidly with depth. In clam field sediments, the vertical distribution of DNA concentration was variable and decreased only very little with depth. At the control site and the Eastern Basin, DNA concentrations were highest at the surface of the sediment and declined steadily with depth.
Total adenylates (TA)
TA was determined as a measure of the biomass of the SSBB and mainly reflects the amount of plasma within the cells. Average inventories of TA integrated over the upper 10 cm of the sediment at the clam field and bacterial mat sites exceed those of the control sites by factors of 3.5 and 5.9, respectively (Fig. 2f) . The TA inventory analysed at Stn 187-1/4 was excluded, because it was extraordinarily high (7.0 mmol m -2 ) and might represent an outlier. In the Western and Eastern Basins we found relatively high inventories of TA (54.2 and 64.7 µmol m -2 , respectively). Differences in the shape of the vertical distribution of TA were detected between bacterial mat and clam field sediments (Fig. 7) . In bacterial mat sediments, TA was highest in the upper 8 cm of the sediment, and rapidly decreased with increasing depth. In clam field sediments, TA concentrations were low in surficial sediment layers and increased continuously with depth reaching maximum concentrations around 20 cm sediment depth. Vertical distributions of TA at the control sites and the basins showed distinct surface maxima, and below a sediment depth of 3 to 5 cm, TA concentrations decreased sharply.
Correlation between SSBB standing stocks, FDA turnover, 14 CO 2 uptake rates and phytopigments
Pearson correlation analyses between DNA, TA, plant pigments concentrations, FDA turnover and 14 CO 2 uptake rates from all 1 cm depth horizons of the upper 10 cm of the sediment were conducted separately for control sites and SGH sites (Table 2) . Data from the Western and Eastern Basin were not included in these analyses.
At the control sites DNA was correlated to pheopigments, FDA and chl a. Weak correlations existed between TA, and pheopigments, FDA and chl a.
At SGH sites the correlations between DNA, TA, FDA turnover and plant pigments were generally weaker than at the control sites (Table 2 ). Only about 50% of the variation in DNA concentrations at the different sediment horizons at SGH sites was explained by the concentrations of pheopigments and chl a. Correlations of TA with plant pigments were not significant. It appears that there is a negative trend between TA, pheopigments and chl a. FDA was strongly correlated with pheopigments, chl a and DNA.
At control and SGH sites correlations between 14 CO 2 uptake rates and any other parameter were not significant, except weak correlations with pheopigments at the control sites (r = 0.56) and TA (r = 0.26).
DISCUSSION
Standing stocks of SSBB and allochthonous vs autochthonous organic carbon supply
SGH sites displayed higher DNA and TA concentrations in comparison to the adjacent control sites and the deeper reference sites in the Eastern and Western Basins. No differences in the inventories of DNA and TA were found between bacterial mat and clam field sediments. Whereas low within site variability of DNA and TA inventories occurred at the control sites, at the SGH sites these inventories displayed great variability, which indicates pronounced differences in SSBB composition and standing stock. Gutzmann (2002) found distinct shifts in the community composition of meio-32 DNA and TA are bulk parameters for SSBB biomass. The different proportions of bacteria, protozoa, and metazoan meiobenthic organisms cannot be separated with these analyses. The DNA:carbon ratio varies between 1:50 in bacteria and up to 1:500 in eucaryotes . Thus, conversion of DNA measurements into C org equivalents only allows crude estimates of the total amount of C org bound in the SSBB (Table 3 ). We assumed a conversion factor of 200 for the control sites and for the clam field sediments, which should account for a mixed population of bacteria, protozoans and metazoan meiobenthic organisms . The average SSBB biomass at the clam fields integrated over the upper 10 cm of the sediment was calculated to be 765.2 g C m -2 (n = 3; range: 615 to 980), which is 3.6 times higher than the standing stocks at the control sites (213 g C m -2 , n = 3; range: 132 to 357). Meiofaunal biomass (organisms > 30 µm) in bacterial mat sediments (0.594 g C m -2 ) was 3.4 to 3.6 times lower than in the clam field and control sediments (Gutzmann 2002) , indicating the predominance of bacteria in this habitat. Thus, a conversion factor of 50 was used to calculate an average bacterial biomass of 209 g C m -2 (n = 2; range: 161.9 to 255.1 g C m -2 ) for bacterial mat sites. In comparison to the biomass determined at the control sites, this estimate is relatively low. The genus Beggiatoa consists of filamentous, often vacuolate bacteria characterised by large cell volumes. The cytoplasm is a thin film attached to the cell walls. Thus, the above conversion factor underestimates the bacterial biomass and should be considered a minimum value.
Apart from representing an important electron donor for chemoautotrophic processes, sulfide is toxic to aerobic metazoans, because it blocks the cytochrome c oxidase of their respiratory chain (Baggarinao 1992). Some infaunal metazoans have developed sulfide detoxification mechanisms to cope with medium-term sulfide exposures (Vismann 1991) , but they avoid habitats characterised by permanently elevated sulfide levels. This and the lack of oxygen explain the extremely low abundances of metazoans in bacterial mat sediments and the small overall biomass in comparison to clam field sediments. Assuming that the 1 cm surface layer of the bacterial mat sediment is dominated by Beggiatoa sp., its biomass would be 35.5 g C m -2
. In Danish fjord sediments, Beggiatoa sp. attain up to 20 g fresh biomass m -2 (Jørgensen 1987) . The biomass of Thioploca sp., a close relative of Beggiatoa sp., at the Chilean shelf was reported to be up to 1000 g wet wt m -2 (Gallardo 1977) , corresponding to 100 g wet wt m -2 without sheaths (Schulz et al. 1996) . The amount of POC available to benthic consumers in deep-sea sediments mostly depends on the input of allochthonous POC through the water column. At the SGH sites, methane released from decomposing gas hydrates induces microbial processes which provide the benthic food web with additional autochthonous POC via autotrophic processes. This autochthonous contribution to the sedimentary POC was assessed by measuring the 14 CO 2 uptake into the particulate organic matter of the sediment. Apart from autotrophic processes, this method also detects CO 2 'fixation' processes such as acetogenesis and methanogenesis. In Chilean shelf sediments dominated by Thioploca mats, acetogenesis is a pathway between fermentation and sulfate reduction, contributing about 1% to the total 14 CO 2 uptake (Ferdelman et al. 1997) . In SGH sediments, a 24-fold increase in autochthonous production of organic carbon was measured in comparison to 5.7 mg C m -2 d -1 at the control sites. In shallow water muddy sediments incubated in the dark (Hollinde 1995) , and in sediments dominated by Thioploca spp. (Ferdelman et al. 1997) . In the 600 to 800 m deep Makran area (Arabian Sea) Schmaljohann et al. (2001) found 33   Table 3 . Contribution of allochthonous POC (from primary production in surface waters) compared to autochthonous POC (produced autotrophically within the sediment; ( 14 CO 2 uptake) to the bulk POC pool available to the benthic food web at control and SGH sites. Vertical allochthonous organic carbon fluxes calculated from data on water depth and surface water primary production by empirical equations (Suess 1980 , Betzer et al. 1984 , Berger et al 1987 , Pace et al. 1987 . DNA-derived biomasses of the small-sized benthic biota (SSBB) were calculated using a conversion factor of 50 for bacterial mats and 200 for control sites and clam field sediments depth-specific 14 CO 2 uptake rates of 0.06 to 0.14 µg C cm -3 d -1 , which are in the same range as those found at the control sites during this study.
In bacterial mat sediments, diffusive sulfide flux rates range between 21.9 and 27.4 mmol m -2 d -1 (D. Rickert pers. obs., Sahling et al. 2002) . To provide estimates of the carbon production by Beggiatoa based on the sulfide flux we assumed molar growth yields for sulfide of 8.3 and 15.9 (g dry wt mol -1 sulfide), as reported for marine strains of facultative and obligate autotrophic Beggiatoa (Hagen & Nelson 1997); however, these molar growth yields were determined under optimal growth conditions in static cultures which might be very different from in situ conditions. The above sulfide fluxes yield 91 to 218 mg C m -2 d -1 if sulfide is completely oxidised. These values are in the range of the 14 CO 2 uptake rates found in the bacterial mat sediments ( Table 3 ), indicating that chemoautotrophic growth of Beggiatoa sp. is the major pathway providing autochthonous POC to the sediment. Applying an oxygen consumption rate of 1 mol O 2 per 0.58 mol of sulfide (Hagen & Nelson 1997 ) the oxidation of sulfide in bacterial mats consumes 37 to 47 mmol O 2 m -2 d -1 which is similar to the average total sediment oxygen consumptions rate of 38 mmolO 2 m -2 d -1 determined using benthic chamber landers at the microbial mat sites during the same cruise (Linke et al. 1999 ). These calculations demonstrate that only a minor fraction of the total oxygen is consumed by processes such as aerobic methane oxidation, confirming the finding of Boetius et al. (2000) who found that methane is oxidised primarily anaerobically, linked to sulfate reduction at the methane rich sediments of the Hydrate Ridge. However, Beggiatoa is also able to denitrify efficiently, and this can be an important mechanism at low oxygen concentrations in the overlying water column. When the buffering capacity of bacterial mat sediments is exceeded, the sulfide flux is controlled by the amount of sulfide released during decomposition of SGH and the amount produced during anaerobic methane oxidation. Since sulfide release during decomposition of SGH is not known, anaerobic methane turnover, which is of crucial importance for the degradation kinetics of gas hydrates, cannot be estimated. These considerations do not apply to clam field sediments since the SSBB consists of different groups of organisms.
In order to assess the contribution of POC from primary production at the water surface to the bulk POC (defined as the sum of allochthonous and autochthonous POC input) available to benthic consumers, the vertical deposition of allochthonous POC at the SGH and control sites was estimated from water depth, the surface primary production and empirical equations (Suess 1980 , Betzer et al. 1984 , Berger et al. 1987 , Pace et al. 1987 ). Primary production rates were taken for July (Antoine et al. 1996) , 1 mo prior to sediment sampling. Since the depth difference between control and SGH sites is only about 50 m, differences in POC flux are negligible (Table 3) . For the SGH sites POC flux rates in the range of 27.1 to 110.3 mg C m -2 d -1 were calculated. The estimated relative contribution of the autochthonous POC source in the sediment to the bulk POC was 5 to 17% at the control sites and to 35 to 87% at the SGH sites. At the clam field sites, however, additional autochthonous POC production by symbiotic bacteria in the vesicomyids was not considered in the calculations.
Due to the particular topography of the Hydrate Ridge (see Fig. 1b ) the lateral input of POC is difficult to assess, but it could be substantial at this continental margin habitat (Bauer & Druffel 1998 , Antia et al. 1999 . Thus the allochthonous POC inputs are underestimated, and this further reduces the relative contribution of autochthonous POC in the bulk carbon budget of the control and SGH sediments. The average supply of bulk POC at SGH sites was 3.1 times higher than at the control sites, which might be sufficient to sustain SSBB biomasses almost 4 times higher.
The more distant reference sites in the Western and Eastern Basins, located at water depths of 2304 m and 1285 m, respectively, showed higher TA and higher DNA inventories than the control sites. Due to their proximity to the Hydrate Ridge and the continental slope, these basins may accumulate fresh organic material from down-slope transport of POC, leading to increased standing stocks of the SSBB.
Inventories of chl a and pheopigments were determined as a measure of POC input from phytodetritus. Although vertical POC fluxes differ only very little (Tab. 3), the chl a and pheopigment inventories at the SGH sites were about half that of the control sites located only some hundreds of meters away.
The clam field sediments are densely populated by Calyptogena sp., and by Acharax sp. when the sulfide flux decreases and the sulfide front recedes into the sediment (Sahling et al. 2002) . Due to the association with endosymbiotic sulfide-oxidising bacteria, filter feeding is of minor importance in Calyptogena sp. (Fiala-Médioni & Métivier 1986 , von Mirbach 2000 , which possess a reduced digestive system and do not filter high quantities of organic matter. Hence, filter feeding by these clams is hardly responsible for the reduced pigment inventories at clam field sites. Most of the filtered particles will be deposited into the sediment after a certain lag phase. Thus, one would expect that inventories of pheopigments, which have a longer degradation halftime than chl a (Stephens et al. 1997) , are similar to those of the control sites, which was not the case. This does not explain the lower inventories of plant pigments in bacterial mat sediments, where very little bioturbation and bioirrigation occurs.
The degradation kinetics of organic matter under anoxic conditions is still not fully understood and the subject of controversial discussions (cf. Middelburg et al. 1993 , Holmer 1999 . However, we assume that enhanced microbial degradation of phytodetrital C org may explain the reduced pigment inventories. Westrich & Berner (1984) , Henrichs & Reeburgh (1987) , Lee (1992) , and Sun et al. (1993) found similar or faster decay rates of chl a under anoxic conditions compared to oxic ones. Kristensen et al. (1995) demonstrated that labile, easily hydrolisable material is degraded at the same rates under oxic and anoxic conditions, whereas complex molecules show less efficient anaerobic mineralisation. Luth et al. (1999) also measured reduced pigment inventories at methane seeps in comparison to non-seepage control sites below 130 m water depth in the Black Sea. Both methane seeps and controls were exposed to low oxygen contents in the overlying water body. Thus oxygen availability is of minor significance in explaining these low plant pigment inventories. Degradation of otherwise more refractory organic matter such as the degradation products of chl a (pheophytin and pheophorbides) can be enhanced in the presence of other labile organic carbon compounds (Canfield 1994) . These low molecular weight compounds can be produced by, e.g., acetogenesis and microbial autotrophic processes associated with methane turnover at SGH sediments.
Stimulation of autochthonous benthic turnover due to allochthonous organic carbon influx?
FDA turnover indicates ester-cleaving bacterial exoenzymatic activity, which is a first step and the rate limiting factor in microbial heterotrophic degradation of organic matter (Meyer-Reil 1991) .
Since FDA turnover was found to be a positive linear function of DNA stocks at control, clam field and bacterial mat sites, one would expect higher overall FDA turnover rates to correspond to higher overall DNA levels at SGH sites. However, FDA turnover of the sediment at the SGH sites was not distinctively different from that measured at the control sites, maybe due to the vertical distribution of FDA turnover. The vertical gradients of FDA turnover were very steep in bacterial mats, with a peak in the uppermost sediment layer (Fig. 4) . This sediment horizon was also the location of highest sulfate reduction rates (Boetius et al. 2000) and highest 14 CO 2 uptake (Fig. 5) . The average FDA turnover rates in the top 1 cm layer of bacterial mat sites was 1.7 times higher than at the control sites. Clam field sediments did not show such a consistent pattern, and vertical distribution of FDA turnover was variable. Elevated 14 CO 2 uptake was found in greater sediment depths, which coincided with the vertical distribution of H 2 S .
Using chl a as a covariate, instead of comparing overall turnover rates, FDA turnover rates were significantly higher (p < 0.01) at the SGH sites than at the control sites (Fig. 8) . The linear relationship between FDA turnover and chl a at both sites indicates a strong interdependence with the allochthonous organic influx through the water column, even at the autotrophically dominated SGH sites. Such a correlation between FDA turnover and plant pigment concentrations has also been found under oxic conditions in Arctic sediments north of Svålbard (Soltwedel et al. 2000) and in the Celtic Sea (Pfannkuche & Soltwedel 1998) .
In SGH sediments, anaerobic methane oxidation is a key process by which energy of methane released from SGH is transferred into reduced sulfur species potentially entering the benthic food web via autotrophic reactions (Fig. 9 ). For SGH sediments at the Hydrate Ridge, Boetius et al. (2000) provided microscopic evidence for a consortium of methanogenic archaea and sulfate reducing bacteria apparently mediating anaerobic methane oxidation. However, it is unclear which metabolites are exchanged between the archaea and the sulfate reducers (DeLong 2000). Sulfate reduction rate activity and growth of sulfatereducing bacteria depends on the availability of an electron acceptor, an electron donor and a suitable carbon source. Although we do not know how the hypothesised microbial degradation of plant pigments occurs at the SGH sites, the low molecular weight end products produced by the enhanced hydrolysis of organic matter may sustain the high sulfate reduction rates measured at the SGH sites (Boetius et al. 2000) . Also, sulfate reduction is stimulated by, e.g., the experimental addition of C org to biofilms (Kühl & Jørgensen 1992) , the light-dependent release of organic substrates by cyanobacterial mats (Fründ & Cohen 1992) or seagrass roots (Blaabjerg et al. 1998 ). Olu et al. (1997) speculate that stable gas hydrates brought into contact with seawater will dissociate until the methane concentration in the pore water is in equilibrium with the hydrate. Due to the low solubility of methane within the hydrate stability field, leaching of methane from the gas hydrate will only occur if methane is continuously removed. In addition to diffusive transport, this removal of methane will be 'catalysed' by bacterial methane oxidation, probably creating and maintaining steep methane concentration gradients in SGH. Thus, variable supply of allochthonous C org to SGH sites, which is directly linked to the anaerobic methane turnover via sulfate reduction, may affect the degradation kinetics of gas hydrates and the efficiency of the 'benthic filter' controlling the flux of methane across the sediment water interface. Under these considerations, sulfate reduction at SGH sites is a prominent interface for the cycling of allochthonous C org and methane-derived carbon from decomposing SGH. At methane seep sites in greater water depths the effect of allochthonous organic matter input on the autochthonous carbon cyling may be less important.
A second process may enhance benthic turnover in clam field sediments, explaining the 3.2-fold 14 CO 2 in comparison to bacterial mat sediments. Olu et al. (1997) described that gas hydrates induce density driven convectional fluid flow in clam field sediments at mud volcanoes seaward of the Barbados accretionary prism. This redistributes solutes and microparticulates within the sediment column and enhances fluxes across the sediment-water interface. Dando et al. (1994) , O'Hara et al. (1995) and Zimmermann et al. (1997) recognised convectional porewater fluid flow as responsible for the displacement of biogeochemical reaction zones, i.e. sediment horizons dominated by processes such as methane oxidation, and transition zones such as the sulphidic-oxic interface. Wallmann et al. (1997) found that bioirrigation can be a dominant transport process and strongly affect chemical gradients within the top tens of centimeters of sediments beneath clam colonies at vent sites of the eastern Aleutian subduction zone. At clam field sites, overlying seawater could be drawn into the sediment by the pumping activity of the clams, thus replenishing sulfate, oxygen, POC, and dissolved organic matter in deeper sediment horizons, and stimulating sulfate reduction. Fig. 9 . Diagram of the consortium of methane-consuming archaea and sulfate-reducing bacteria. Low molecular weight organic carbon compounds released by hydrolysis of allochthonous C org stimulate anaerobic methane oxidation in surficial gas hydrate sediments. Anaerobic methane oxidation is carried out by a consortium of sulfate-reducing bacteria (white cells) and methane consuming archaea (grey shaded cells), causing low methane and sulfate concentrations at the interface of their gradients. This syntrophic consortium may be a prominent interface between the cycling of gas hydratederived carbon with the cycling of allochthonous C org . Modified after DeLong (2000) 
